Introduction
Although DCs in different anatomical locations originate from common BM-derived progenitors and share common characteristics, microenvironmental factors can have an important influence on DC hematopoiesis under steady-state and inflammatory conditions. A growing body of literature suggests that these instructive processes are mediated by tissue stromal cells, giving tissue microenvironments a decisive role in local immune cell development and immune response regulation.
This lab has recently identified a novel APC type in murine spleen [1] . This cell type is equivalent to cells produced in spleen stroma-dependent LTCs, which phenotypically and functionally reflect DC [2, 3] yet are distinct from the common splenic subsets of cDC and pDC [4] . In LTCs, the stromal monolayer supports stem cell maintenance, renewal, and the specific differentiation of DC and no other hematopoietic cells [3] . The most productive LTCs derive from spleen, with LN, BM, and thymus LTCs being nonproductive [5] . Establishment of spleen LTCs depends on formation of an appropriate stromal cell layer that supports hematopoiesis. Populations of small hematopoietic progenitors and large immature DCs proliferate, differentiate, and release into the supernatant, where they can be collected [6] . Indeed, small progenitors develop into large, immature DCs upon transfer into cocultures containing the splenic stromal line STX3 [6, 7] . STX3 was isolated from a LTC that no longer produces DCs as a result of loss of progenitors [8] . The small cell population containing DC progenitors requires stromal cell contact for growth and proliferation [6, 9] , and substitution of stroma with growth factors does not allow DC development [10, 11] . Phenotypic characterization of cells produced in LTCs revealed a heterogeneous population of hematopoietic cells among the "small" cells, with a homogeneous population of large dendritic-like cells (LTC-DC) [6] .
Cocultures of spleen or BM cells over STX3 stroma are good producers of cells identifiable as a CD11c lo CD11b hi CD8
-MHC-II Ϫ subset, along with a transient, early population of CD11c hi CD11b lo MHC-II ϩ cDC-like cells [7] . These CD11c lo cells resemble LTC-DC [2] , as well as the in vivo equivalent subset described previously [1] . Lin Ϫ BM or hematopoietic progenitors isolated from BM and spleen provide higher numbers of progenitors for cell production in stromal cocultures [7, 12, 13] . Here, the progenitor in murine spleen has been characterized and isolated as a HSC-like cell, and the progeny cells generated in vitro in stromal cocultures have been shown to resemble LTC-DC and the in vivo equivalent subset by their functional capacity in T cell activation.
MATERIALS AND METHODS

Animals
Specific, pathogen-free C57BL/6J (H-2   b ), C57BL/6.Tg(TcraTcrb)1100Mjb OT-I and C57BL/6.SJL/J.OT-II.CD45.1 OT-II mice were obtained from the John Curtin School of Medical Research (Canberra, ACT, Australia). Mice were handled according to protocols approved by the Animal Experimentation Ethics Committee at the Australian National University (Canberra, ACT, Australia).
Stromal cell cocultures
STX3 stroma were maintained by scraping attached cells for passage into a new flask. Stromal cells were cultured at 37°C in 5% CO 2 in air in sDMEM comprising DMEM supplemented with 10% FCS, 5 ϫ 10-4M 2-mercaptoethanol, 10mM HEPES, 100 U/ml penicillin, 100 g/ml streptomycin, 4 g/l glucose, 6 mg/l folic acid, 36 mg/l L-asparagine, and 116 mg/l L-asparagine hydrochloric acid. To establish cocultures, T/B-depleted spleen cells were overlaid at 1-5 ϫ 10 4 cells/ml above 80 -90% confluent stromal cell monolayers, followed by culture for several weeks at 37°C, 5% CO 2 in air, and 97% humidity. At 7-day intervals, nonadherent cells were collected by gently shaking the flask, with removal and replacement of supernatant. Cell yield was determined by counting and cells analyzed for surfacemarker expression by antibody staining and flow cytometric analysis.
Fractionation of spleen cell subsets
Spleen was dissociated by forcing tissue through a fine wire sieve, followed by washing in DMEM and lysis of red blood cells using isotonic buffer (140 mM NH 4 Cl, 17 mM Tris base, pH 7.5). Spleen cell suspensions were depleted of T and B cells using antibodies specific for CD19 (eBio1D3, biotinylated; eBioscience, San Diego, CA, USA) and Thy1. 
Antibody staining
For staining, cells were resuspended in FACS buffer (DMEM with 0.1% sodium azide and 1% FCS) to a final concentration of 1-5 ϫ 10 5 cells/100 l. Cells were incubated for 15 min on ice in FACS buffer containing 40 g/ml "Fc block" specific for Fc␥II/IIIR (CD32/CD16; eBioscience), washed, and then resuspended in primary antibody diluted in FACS buffer, followed by incubation on ice for 30 min. Cells were washed twice with FACS buffer and then incubated with diluted secondary antibody or streptavidin conjugate as required. Following two washes, cells were resuspended in FACS buffer ahead of flow cytometric analysis. Cells were stained with PI (1 g/ ml) for discrimination of dead cells. For multicolour staining, up to four different antibodies were added together in the first incubation step. The specificity of antibody binding was monitored through use of isotypematched control antibodies, second-stage reagents alone, or FACS buffer 
Flow cytometry
Flow cytometry was performed on an LSRII FACS machine (BD Biosciences, San Diego, CA, USA). FACSDiva software (BD Biosciences) was used to set voltage parameters and event counts. For multicolour analysis, singlecolor controls were used to set compensation. FlowJo software (Tree Star, Ashland, OR, USA) was used to analyze data. Commonly, cell debris was gated out using a FSC threshold of 100. Cells were further gated on the basis of SSC and absence of PI to detect live cells. Postacquisition gating was used to obtain information on cell subsets, and staining with isotype controls was used to set gates to distinguish specific antibody staining. FACS was used to isolate hematopoietic cell subsets based on marker expression. Sorting was performed on a FACSAria II cell sorter (BD Biosciences). Endocytosis was measured in terms of capacity of cells to take up FITC OVA (Molecular Probes, Eugene, OR, USA). Washed cells were placed on ice before addition of 100 g/ml OVA-FITC in sDMEM. Cells were incubated at 37°C for 45 min (or 0°C as a control) before addition of 100 l chilled PBS/0.1%NaN 3 . Cells were washed three times and then resuspended in FACS buffer for analysis by flow cytometry.
Cell division was assessed flow cytometrically by reduction in CFSE level as cells divide. Purified T cells (10 8 /ml) were labeled by addition of CFSE (Molecular Probes) to a final concentration of 10 g/ml, and samples were vortexed immediately and then incubated at room temperature for 5 min. Cells were washed before use.
T cell activation assays
The cross-presenting capacity of APCs was measured by the ability of cells to take up exogenous OVA as antigen for activation of CD8 ϩ T cells puri- ) was similarly measured after antigen presentation. CD11c ϩ f-DCs were prepared as controls. DCs were plated at 10 7 cells/ml in sDMEM, pulsed with 10 g/ml OVA or control antigen HEL overnight (8 -12 h), and then washed twice. Some cultures were given LPS (Sigma-Aldrich, St Louis, MO, USA) as an activator (10 g/ml) for 8 -12 h. CFSE-labeled CD8 ϩ T cells were added to APCs at T cell:APC ratios of 2:1, 10:1, and 100:1. Cells were collected after 4 days and stained with anti-CD8 or anti-CD4 antibody, and proliferation determined flow cytometrically in terms of CFSE dilution.
Microscopy
Stromal cocultures were photographed under brightfield using an inverted Fluovert FS microscope (Leica, North Ryde, NSW, Australia) equipped with a SPOT RT digital camera (Diagnostic Instruments, Sterling Heights, MI, USA). An inverted research microscope (DM IREC: Leica), equipped with a digital camera (DFC: Leica), was used to obtain phase-contrast photomicrographs.
Statistical analysis
Data have been presented as mean Ϯ se for sample size n. For sample sizes of n Յ5, where a normal distribution cannot be assumed, the Wilcoxon rank sum test was used to test significance (PՅ0.05). Where a normal distribution could be assumed, the Student's t-test was used to assess significance (PՅ0.05).
RESULTS AND DISCUSSION
Characterization of progenitors in spleen
Eight-day-old neonatal C57BL/6J spleens were fractionated to isolate hematopoietic progenitors, which were then tested for capacity to produce dendritic-like cells in STX3 stromal cocultures. Initially, this involved cell sorting to select Lin Ϫ c-kit ϩ cells from among T/B cell-depleted spleen (Fig. 1A) (Fig. 1B ). An increase in production of CD11c ϩ
CD11b
ϩ MHC-II Ϫ cells (from 35% to 
50%) and a decrease in CD11c
ϩ CD11b ϩ MHC-II ϩ cDC-like cells (from 70% to 50%) occurred across 14 -28 days of coculture (Fig. 1C) . Precursors/progenitors of both subsets are therefore present within the Lin Ϫ c-kit ϩ spleen fraction. Since the population of cDC-like cells diminishes over time, we hypothesize that their production is transient, and that they derive from a committed precursor present in spleen. Since the population of novel APCs is increasing, and production is sustained over time, then, it is likely that these cells derive from an earlier progenitor population with self-renewal capacity that is maintained by stroma.
Distinct functional capacity of dendritic-like cells produced in cocultures
Both populations of cells endocytosed the soluble antigen FITC-OVA, reflecting their capacity as APCs. Cells resembling LTC-DC showed Ͼ90% endocytic cells, with cDC-like cells having significantly less (35-40%) endocytic cells (t-test; PϽ0.01; Fig. 1D ). Indeed, the MHC-II Ϫ subset could reflect more immature DC than the MHC-II ϩ subset, a property that would be consistent with their higher endocytic capacity. Nonadherent cells were also collected after 28 days of coculture for sorting CD11c ϩ CD11b ϩ MHC-II Ϫ cells. These cells were then compared with CD11c ϩ f-DCs for capacity to activate T cells. APCs were pulsed with soluble antigen OVA or control antigen HEL and cultured for 4 days with CFSE-labeled CD8 ϩ T cells, purified from OT-I TCR-tg anti-H-2K b /OVA mice in the presence and absence of LPS. Capacity to take up exogenous antigen and to present it to CD8 ϩ T cells indicates the capacity of CD11c ϩ CD11b ϩ MHC-II Ϫ cells, as with f-DCs, to cross-present OVA (but not control HEL) for OT-I T cell proliferation ( Fig. 2A) . The addition of LPS increased the response due to CD11c ϩ CD11b ϩ MHC-II Ϫ cells produced in co-cultures from an average of 28% to 38% over two independent experiments (Fig. 2A) .
The ability of the same cells to present antigen to CD4 ϩ T cells from OT-II TCR-tg anti-H-2IA
b /OVA mice was tested following pulsing of cells with OVA (or HEL as control antigen).
Cells produced in cocultures were unable to present endocytosed OVA for activation of OT-II CD4 ϩ T cells. Like other described cells produced in BM cocultures or in splenic LTCs, similar cells derived from spleen progenitors in cocultures are unable to present antigen to CD4 ϩ T cells, even following LPS treatment [1, 2] . This result is in part related to an absence of MHC-II expression, but also reflects their resting state unresponsive to LPS stimulation. Cells derived in spleen cocultures are highly endocytic, however, a feature common to LTC-DC [2] and the equivalent subset described in vivo [1] . In contrast, f-DCs showed strong OVA-specific CD4 ϩ T cell proliferation at 4 days, which did not increase noticeably in the presence of LPS (Fig. 2B) ϩ T cells through crosspriming, which has been identified primarily as a property of CD8␣ ϩ cDCs. Indeed, distinct functional capacity and phenotype confirm that dendritic-like cells derived from spleen progenitors are equivalent to a novel in vivo subset in spleen [1] , to cells similarly derived from BM progenitors cocultured with splenic stroma [7] , and also to cells produced in spleen LTCs [2] . (Fig. 3A) . These were compared for differentiation in cocultures across STX3 stroma and nonadherent cells collected over 28 days for assessment of the type of cells produced. Cell recovery in Lin Ϫ c-kit hi CD34 ϩ and Sorted progenitor subsets were cocultured over STX3 stroma for up to 28 days. Nonadherent cells were collected and percent live cell recovery relative to total input cell number estimated across days 7-28 using trypan blue exclusion for cell counting. Data represent mean Ϯ se for two independent experiments performed at different times (nϭ2).
Further delineation of the spleen progenitor
Lin
Ϫ c-kit hi CD34 Ϫ cocultures declined over the 28-day period, and the yield relative to input cell number was Ͻ100% (Fig.  3B) (Fig. 3B) .
Microscopy showed marked clustering of cells to form foci above the stroma by 14 days in Lin Ϫ c-kit lo CD34 ϩ cocultures and to a lesser extent, in Lin Ϫ CD11c Ϫ c-kit lo CD34 Ϫ cocultures (Fig. 4) . In contrast, cocultures of Lin Ϫ c-kit hi CD34 ϩ and Lin Ϫ c-kit hi CD34 Ϫ cells contained only nonadherent floating cells, and no foci of development were observed. After 28 days, flow cytometry of Lin Ϫ c-kit lo CD34 Ϫ cocultures showed the highest production of large, nonadherent cells identified by FSC analysis, whereas productivity in the other cocultures was much less (Fig. 4) . Marker analysis of cells collected from each of the four distinct cocultures showed that at 14 days, the highest proportion of CD11c ϩ CD11b ϩ MHC-II Ϫ cells was produced in Lin Ϫ c-kit lo cocultures (Fig. 4) . After 28 days, the Lin Ϫ c-kit lo CD34 ϩ cocultures contained almost all of these cells (97%), whereas Lin Ϫ ckit lo CD34 Ϫ cocultures produced 72%. In contrast, the Lin Ϫ ckit hi CD34 ϩ and Lin Ϫ c-kit hi CD34 Ϫ cocultures maintained high levels of CD11c ϩ CD11b ϩ MHC-II ϩ cDC-like cell production out to 28 days (ϳ30%; Fig. 4) . The relative proportions of cells produced varied across the four coculture types over the course of 28 days. Lin Ϫ c-kit lo cocultures showed an early, rapid decline in production of cDClike cells, with a steady increase in production of cells resembling LTC-DC, such that these predominated by 28 days (Fig. 5A) . The Lin Ϫ c-kit lo CD34 ϩ spleen progenitor showed highest potential for development of these cells across two independent experiments (Figs. 3B and 5A). The Lin Ϫ c-kit hi cocultures showed significantly less development, even after 28 days of coculture, with cDC-like cells still predominating (Fig. 5A) . The sorting of very rare cells in spleen was achieved to produce the results shown here. However, the antibodies used did not serve to delineate a pure population of progenitors. All four populations contained precursors of cDC-like cells that were produced early, but then lost over time. They also contained progenitors that appeared to self-renew, as they produced increasing numbers of cells such as LTC-DC over time. In sum, the Lin Ϫ c-kit hi subsets contain more cDC-like precursors, and the Lin Ϫ c-kit lo subsets contain more progenitors of CD11c ϩ CD11b ϩ MHC-II Ϫ dendritic-like cells.
Neonatal mice of 6 -8 days were chosen as a source of spleen progenitors, since this is the age of mice for best success in establishment of splenic LTC [14] . Presumably, therefore, they contain the highest number of progenitors. However, until more markers are found that further delineate splenic hematopoietic stem/progenitor subsets in neonatal mice, the best interpretation of the results is that there is a common progenitor contained within each of the Lin Ϫ c-kit hi and the Lin Ϫ c-kit lo subsets or that two distinct but related progenitors must exist. One clear finding is that CD34 is not a defining marker that distinguishes the progenitor(s), although the Lin Ϫ c-kit lo CD34 ϩ subset did yield the highest number of
In all cocultures, irrespective of progenitor subset origin or population distribution, the CD11c ϩ CD11b ϩ MHC-II Ϫ subset
showed Ͼ85% endocytic cells, whereas the subset of CD11c ϩ CD11b ϩ MHC-II ϩ cDC-like cells showed Ͻ30% endocytosis (Fig. 5B) . This was shown previously in Fig. 1 Ϫ subsets may be related, such that one is derived from the other in cocultures, although this would be difficult to prove given the difficulty of isolating progenitors back out of cocultures where they colonize stroma. The CD34 ϩ subset is likely to be less primitive in line with similar subsets in the BM. For example, the Lin Ϫ Sca-1 ϩ c-kit ϩ CD34 ϩ subset of HSC in BM has short-term reconstituting potential in mice, whereas the more primitive Lin Ϫ Sca-1 ϩ c-kit ϩ CD34 Ϫ subset contains long-term reconstituting cells [17, 18] .
With the markers available, it is not possible to definitively identify individual progenitors of the two distinct DC subsets. The Lin 
MHC-II
Ϫ cells. The STX3 stroma supports early, differentiative events involving these subsets, which are yet to be defined in terms of soluble factors and cell contact. These portend to be difficult to analyze in vitro because of the small numbers of cells involved and the minor and transient phenotypic changes anticipated among cells differentiating in cocultures. Also difficult would be studies on the precursor-progeny relationship between the progenitors of these distinct DC types. However, in an independent study on BM rather than spleen cocultures, the CD11c 
Ϫ and cDC-like subsets have been shown to have a distinct Lin origin with no precursor/progeny relationship (unpublished data).
Splenic progenitors described here are distinct in relation to previously described common dendritic progenitors and myeloid dendritic progenitors, which have been found only in BM and not spleen [19, 20] . Previous studies identified immediate precursors of cDC in spleen as CD11c int CD43 int Sirp␣ int cells, which are not self-renewing [21] . Whereas this study identifies cDC-like cells produced in cocultures, these cells are yet to be fully investigated in relation to the well-described cDCs or monocyte-derived DCs present in normal spleen. Their relationship with described regulatory DCs is also a possibility [22, 23] . However, more importantly, regulatory DCs are transiently expressed and can be distinguished from the novel dendritic-like cells that are produced continuously. The model under further investigation is that these cells arise in spleen from endogenous HSC-like progenitors. The possibility that spleen represents a niche for hematopoiesis of a tissuespecific APC, which meets blood-borne antigens for induction of tolerance and immunity, is under further investigation.
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